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C)ptical testing of MISR Icnscs & cameras

E. B. Hochbcrg,  M. 1,. White, RI’. Korechoff,  C. A. Sepulvcda

Jet Propulsion 1,ahoratory
4800 Oak Grove I)rivc,I’asadcna,CA91109

ABS’J’RACT
A unique, highly automated thcmal-vacuum  facility for optical testing of lenses anti camcm  is dcscrihcd. In particular,
mcasurcmcn(s  of Ml’l;,  borcsight,  and geometric image distortion over a large parameter space including wavelength, field of
view and tcmpcraturc. will be discussed. Lhriquc aspects of the facility include a “virtual nodal bench” (Jpto-l]]ccllallical
metrology systcm and fiber-optic illumination of mechanical rcfcrencc features.
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1. INTROD1JCTION
J}’] ;S Mu]ti-Angle  lrnaging Spcctro-Radion]ctcr  (MISR)  instrument flying on the IiOS AM 1 platform is scbcdulcd  to bc
Iauncbccl January 1998. I“his CCD camera-basccl instrument has been designed to study (from low-I;arth  orbit) the ecology &
climate of the Ear(h through the acquisition of systematic, global multi-angle imagery in rcflcc[cd sunlight.

‘1’hc M lSR scicncc instrument uscs nine carncrm employing four distinct lens designs. “J’hcse cameras arc pointccl at nine
cliscrctc view angles relative to instrument nadir and form images with high geometric & radiometric  fidelity. Complete 21)
images from cac.h carncra will bc built-up in pushbroom  fashion as the instrument orbits the Ilarth. Within all nine cameras,
four parallel CCI) ]inc arrrays  will collect data in four -30 mn-wide spectral bands ccntcrcd at 443, S50, 670 and 865 nm.

“1’hc Icnscs & cameras to bc tested all operate at infinite conjugates, at f/5.5, and over tcnlpcratures  bctwccn O°C and 10“C.
llmr distinct lens designs have the following first-order parameters:

Icns tvrrc A lulYPcl~__JmlYPs  C lms lypcll ___ __ _____ _ ..–-..
ill > ( m m ) 59.3 73.4 95.3 123.8
yQ.v_ ((lcfy’m) 314.9 ~ 12 L______ :!9.:4 -- ._jL3_ ______ -.

2. NOM EN C1,A’1’[JRK
“MISR optical  bcmh”  herein refers (o the aluminum chassis onto which all MISR cameras arc fastened.

“1 ,cns” herein refers tc) assembly of individual lens clcmcnts in an aluminum kms bar[cl w}lich includes a front mounting
flange (for mounting to the MISR optical bench) and a shimmablc  rear adjustment flange (for mounting intcrchangcablc  CCD
camera heads)

“CC]) camera  head” here rcfc.rs  to the assembly of MISR CC] J dc.tcctor array and associa[cd electronics. Note one Ml SR
(Xl) carncra head design serves all MISR lenses.

“Can]cra” here refers to an asscrnbly  of the above two items.

“M’I’F head” here refers to an assembly of microscope objcctivc and metrology CC1) on a three-axis motorized & cncodcd
s[agc. I’bis piccc of ground-based instrumentation is used to measure imaging performance of lenses.

As an assembled MISR camera includes no focus adjustment nlcchanisrn, prior to integration of the camera assembly onto the
MISR optical bench, the carncra asscrnblics  must all bc carefully prc-focusscd  & tested on the ground so as to insure
performance over the entire operational cnvc]opc of wavclcnglh, field ami tcmpc.raturc.



‘3. . I’ROJKCT  OIIJICCIIVI1
IT) order to quantila(ivcly  charactcrim  the imaging performance of all prolotypc  & flight  article MISR lenses and lens/can~cra
systems, wc have designed and acquired a highly automalcd,  self-contained, visible-tmncar-lK lens & camcm optical
characlci-ization  bench (OCB) systcrn  suitable for usc in a thermal vacuum test chamber. General & spccitic constraints &
performance rcquircmcnts placed on the OCB arc clctailed below:

Operational Constraints
packaging/envelope 1.2 m diam. x 1.5 Jn vacuum chamber
wavc]cngths 400-900 nrn
test temperatures -sodc -> +60”C

vacuum 10-6 tori
f-number fls.s
focal lengths 59- 124 11)11)

I’ov A 20 dcg (max)
mass 5 kg (max)
cleanliness minimum outgassing

l’crformancc  Rcquircrncnts  on test facility
lens & camera test configurations
M“l’l:, borcsight, distortion, transmission, stray light tcs[s
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off-axis parabolic collimator 6
lens or carncra under test on gimbal mount
video M’IW microscope
control & processing rack
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MISR camera imaging pcrfcrrmancc is specified in terms of MTI;: TI]at  is, camera h41’I;  at 23.8 chnm (the Nyquist frcqumlcy
of the CC] I detector) must exceed 0.24 over the entire operational parameter space of field, wavclcrrgth  & tcmpcraturc.  ‘f’his
Im-formancc  require.mcnt is then broken down into MTF requirerncrrts  on bins, CC])  array & intcrfacc components.

}laving  sc.ttlcd  on MTT as the standard image performance metric, the task thcm bccamc onc of implcnwnting an h4’1”1’
mc.asurcmcnt  capability within the thermal vacuum and other constraints dcscribcd above.

The “virtual nodal bench” architecture schematically shown in the figure above meets the rcquimncnts  while it avoids the
complexities of moving collimators and “T bars”. I’hc. OCB was built by the Optikos  Corl). of Catnbridgc, MA and
rcscmblcs  most C1OSCIY the traditional nodal bench wherein the lc.ns under test (1 LJ’I’)  is longitudinally translate.d until the spot
formed in t}]c image plane shows no transverse motion in the presence of rotations of the 1.U’I’ about the nodal point

SJIOWING  IQ()])A1  , B1?NC1l GEOMIWRY

lens under test (1.UT) rnoun[cd  on l’-tm

collimaleclpoint  source, fixed

-~-:g%a::~
w, ->:, ~ :.’.:-.:-—---
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i f ,1 C’CI)  video imager  fixed
to microscope objcctivc

T-bar-driven piston of microscope objcctivc & (U) = f [ SCCL3 -1 ]

II) the traditional nodal bench, as shown in the figure above, the T-bar maintains the rnicmscopc  objcctivc focussect on the
focal plane of the lAJ’I’.  in our “virtual nodal bench” systcm,  this is achicvcd by coordinating the motorimd translation of the
microscope with the motorized rotation of 1 .lJT.

4. ‘ITIERMAI.  CONSI1)ERATIONS
In order to remove systematic errors, it is imporlant to keep the nlctrology equipment at constant tcmpcra[urc while the
([he.rmally blanketed) I lJrI’ or CUT ahrnc is conductivcly driven to the tcn~pc.raturc of in[e.rest. This is achicvcci in the (KXI
by means of a unique thermal lens mount dcscribcd below:

1.U’I’S & CIJ’l°s  arc mounted on an aluminum thermal header similar to the real tllcr[]]o-l]]cctlallical intcrfacc cm the spacecraft.
1.iquid an(i gaseous nitrogen driven through this thermal hca(icr provide dirc[[ conductive cooling or hca[ing c)f the I.LJ’1 or
CLJ’1’.

‘1’his thermal header is in turn carried on the gimbal on a thin, titanium tube prcwiding  a high degree of thermal isolation
bet wccn the (room temperature) mctro]ogy  and the 1.U’1’ or CIJ1’. I’hus the llJ’1’ or CU’1’ can trc quickly clrivcn to a
tcm~~craturc sctpoint  while the balance of the lest hardware (ginlhal, microscope, collimator, fold mirrors, test bench) remains
at roon) tcmpcralorc.

S, S Y S T E M A T I C  EKROR  SOURCltS  IN TII}C 00!
A variety of syste.mmatic errors must bc treated before accurate, rcpeatahlc imaging performance nwasurernents  can bc made.
‘1’hcsc mors include . . .

● finite pinhole siz,c
Op(ikos  software corrects for fini:c pinhole size.

}Iochtrcrg  3
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● tcsl wavcfront collimation
Having a large de-magnification between collimator and IXJ’1’ makes for a systcm very forgiving of collimator defocus errors:
An autocollimation tclcscopc measures source pinhole defocus error of 225 pm; this in turn maps into a wors[-case ctcfocus
offset of 3 }In~ in the 1.U1’;  small compared to tbc depth of focus of our f/5.5 I.UI”  S.

● lens/camera mount pointing (borcsight)  errors
A piano mirmr  mounted on the lens mounting surface of the gimbal is used to rctrorcflcct the collimator beam. ‘J’hat  is, that
gimbal position which causes the collimator ou(put to be accurately rctroreflccted  back into dlc source pinhole is defined to bc
the on-axis or borcsight or z.cro field angle of lenses or cameras mounted on the gimbal. Pointing is cstablis}lcd to better
than 0.002 dcgrccs  which is roughly ccjuivalcnt to a fraction of the diffraction-] imitcd spot size.

● location of gimbal axis of rotation
A Ronchi  ruling located in the vicinity of the intersection of the gimbal rotation axes was successfully utilized to establish a
global coordinate systcm encompassing the entire object and image space. location of this intersection point is crucial to tbc
absolute, unambiguous dctcnnination of an optimum 1.UI’ focal plane. The procedure USMI  is schematically shown in the
following flgurc:

Showing method for locating gimbal relation axis

gilllbal  center of 1 Ronchi  ru l ing I
rotation (Y axis) \ I fixed to gimbal 1’-.I

alicrosmpe
objcclivc
K

L!I I
AX

Showing  no crlor:
ShmvinS  tm~h 7, and X enors: Cen(ral  bar rcll)ains  stationary;

Unckr gimbal  rotation, all bars rnovc; Showing only 7, error: gimbal ro~ation axis located
cmc side  of the field  more than tbc other Central bar a)oves  kasl

Surveying of the rnctrology  components begins by installing a Ronchi ruling in the gimbal in the vicinity of the rotation
axes. ‘1’hc  rulings arc installed in a vcrlical orientation nominally parallc] to the crosslrack  or vertical rotalion axis of the
gimbal. As the gimbal is made to oscillate, wc view the 10 micron wide ralings with tbc MI’1~ hcacl viclco microscope. First,
the M’l’l;  head is translated in the X direction until the central bar moves the least. I’hc ronchi ruling is then translated
longitudinally inside the gimbal until a “null bar” is identified; this ruling line coincides with the gimbal rotation axis and
enables bc)th the M’1’lJ ~ and Z position z.crocs to bc established.

● mcasurcmcnt & correction of lens dcccntration  errors
When the alignment & offsets of the M1’F stage arc cstablisbcd, absolute clcccntrat ion of the I LJrl’  in tbc gimbal can tbcn bc
dctcrmincd. ‘l’his cnab]cs the spurious tilt effects rcsultins  from the dcccntration error to bc removed from subsequent
mcasurcmcnts.

‘1’hat is, when a l.Ul’ is installed, tbc
position cncodcr as I,UT dcccntration.
to the following relation:

X intcrccpt  of the. chief ray may bc rwwi directly from tbc M’l’l;  head transverse X
This in turn allows the. systcn~matic/spurious  tilt cnor T to bc dctcrminccl according

spurious tilt T = tan ‘1 [2dcosf3/EFI/]

};or example, a dcccntcr  d = 250 l.tm and a lens with EF1. = 59 mm and t 14.9 dcg ticld angle results in a spuricms  tilt ‘C of
0.47 deg. Scc Figure below:
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l’aking MTF data cm this sy[cmmatically tilted rcfcrcncc plane thcll cnatrlcs intrinsic Icns tilt (i.c, real tilt of the focal plane

.

rcla[ivc to the lens barrel intcrfacc  flange) to bc read directly from the Ml’I; “haystack” (Seclion 63) data.

spurious tilt angle d, dcccntcr

= ran ‘] {2d COS f3 /IW)

-&’

chief ray dI splaccment

‘~

=  d[l-cos EI ]
center of rotation ‘ - -

\ - - - - -

‘ --J- “ 2fsi”o

‘WI’! # / ’

0<0 Y
focal points @ plus& minus field positions

● gimbal position & velocity errors
1,ens M’l’l; mcasurmncnts  require primarily gimbal posifim stability -0.0010 degrees which is easily
servo control sytcm which is stable & accurate to 0.0003 dcgrccs. Camera tcsling  -- particularly camera
mapping -- requires gimbal velocity  stability -1 0% which again is readily met by the gimbal.

● MT1: stage alignment & calibration

met by the gimbal
geometric distortion

M’l’l: stage alignment basically has to do with a rendering of stage translation vectors and offsets relative to both the beam
propogatiorr  vector and the gimbal axes. When complctc, (}IC hl’l’l~ head Z axis is parallel to the beam prc)poga[icm  direction
anti the offsets of X &r Y axes arc rcncicrcd relative [o the gimbal axes to bctlcr than 10 microns.

● microscope achromatization
‘1’hc cxpcctcd higil cicgrcc of achromatic correction in ti)c 40X Nikon apochromat  was cxpcrimcntally  verified to bc better tilan
the Spm cncodcr resolution and thus contributes no systematic error to the MrlF rncasurcmcnts.

● detector background
With the fiber Iightsourcc  feeding the pinhole shuttered, the detector background/ dark current is digitaliy subtracted from all
Mrl’l; mcasurcmcnt frames

● testing tclcccntric lenses on a nodal bench
10 a tclcccn[ric icns design the chief ray is normaliy incident on ti]c focal p]anc at ail field angles. However, in a nodal bench
test configuration, the pinhole irnagc will move transvcrsciy  as different focal planes
continuous tracking and background cor[-cctioos  for accurate, consistent MT1? readings.

6. ], I{;NS  h~l<;As~J~l~~~]{:N~’s

6.1. Identification of nodal point (“gassing”)

MC explored. I’his  cffett neccssikrtcs

}lochbcrg  5



,.

in order to make consistent measurcrncnts of M’I’F at various flclcl positions, the l.lJT’ must bc longitudinally fixed inside tbc
gimbal rotation ring so that the rear nodal point falls on the gimbal rotation axis. Af(c.r so doing, transverse motion of the
spot is minimiz.cd under gimbal rotations; only the expected sccfi -1 (a.k.a. “t-bar”) longiwclinal focus sbif[ is seen. An
automated mcasurcrncnt  routioc transforms these transverse spot displacements into a longitudinal lens position correction
value.

6.2. ldcntitication of rcfcrencc focal plane relative to mechanical features

1 lc[emnining the distance fron~  the optimum focal plane to the lens/can}cra interface surface is accomplished using the non-
contact cocrrdina[c mc.asuring machine (CMM) -like capability of the OCB: ‘1’his  capability (SCC scbcmatic  figure below)
obtains from the usc of optical fibers brought into the back side of the microscope otrjcctivc.  1,ight emerging  from the ends
of the fiber passes through the rnicroscopc  objective flooding tk object plane conjuga[c  to the WI) in the vicico microscclpe,
in so doing, opaque but crthcrwisc  highly scat[cring  machined surfaces can bc clearly imaged. Since the video micr-oscopc is
canicd on a motorized, position-cncockd  stage, wc gain complete knowledge of lcJ~s focal p]anc position rc]ativc to a hard
mechanical intcrfacc.

SIIOWING NON-CONTACT CMhf CAI’ABII ,11’>’  W MTl IH:NCII

lens/can~ era interface fta rrgc

(X, ~=xftange  rig!] l.~flange right )

- t

fiber-optic
!!

location of gimbal cross-track axis
(x, z= o, o)

3 CX 2:1111+,, /,. .0_l.. !P-....:.J- *pd?
. ~<~.- ;“ , optirnunl focal p l a n e

,?

fixed  collimated I.LJ’l’  # -

mint source mounted in 1
Jl!l]~yIIIIlllI1!lllli---

gimbal n]icrc6cofk2>~  ~~~>  ~deo
objective i mager

6.3. Collection of Ml’}?, distortion & transmission mcasurcmcn(s

A lens M’1’lr  nwasurcmcnt is obtained from a Fourier transform of the point spread function. Optikos’s  standard commercial
VidcoM’I’1~  scrftwarc is used to transform magnified PSI: images into M’1’l;  rncasurcmcnts  in two orthogonal directions.

I’hc optimum lens focal plane is identified with respect to wavelength, focal plane, I~OV, c)ricntation and tcmpcraturc.  Of
the many criteria that might bc used, wc have chosen a “n~inimurn M’I’J;” criteria for identifying the optimal” focal plane.
l’hat is, wk will identify the plane (or volume) on which M’1’}F  will always cxcccd the rninimurn  M“I’1~  value for any
wavelength, ficlci position, orirmtation  or tmnpcratur-c  sirnultane.ously.

‘1’his criteria is s[raigbtfcrrwardiy  visualiz,cd  when wc plot M’1’1~ vs. focus pc)sition. Supcrirnposing  through-focus curves for
each wavelength, field position, orientation case -- a total of 40 curves -- the focal plane or volurnc  in which the nlinimum
M’1’11’ criteria is met can bc SCCJ].  An cxarnp]c “haystack sc.t” for one tcmpcraturc is shown below.

Hochbcrg  6



0.90
T

}13@T=scI  TCSI: 11/14/95 ref 7,:6’2541 microns

;; :?,. .-. . . .f- .-l

,.”.7

I
-. v. -.. . v.-

‘. “’t::.:.:, ..
0 .60 . . \

DEFC)CIJS  = -28 microns;
, . . . . .
‘.. ‘ \:+

v. ‘t :  ‘+. .1
.

Tll /1’= O dc.g
0.55

I
t I 1 I tn+f. n I I I 1 I I 1 .

, x I
-75 - 6 0 -45 -30 -15 0 15 30 45 60 75 90 105 120

defocus (microns)

6.4. Shimming & camera assembly.

once the optimum lens focal plane is identified with rcspccl to the lens/can~era head in[crfacc  flange, the appropriate shims
can bc f’abr-ica[cd and installed to insure that camera hca(i will bc located inside the above-dcscribcd volume.

IJollowing  shimming, the lens rc{urns to the OCB as a camera assembly for camera lCVC1 testing.

‘7. CAMERA  MILASLJREM1tNTS
Catncra-level mcasurcmcnts  include: 1 ) ldcntificaticm o f  downtrack & crosstrack  borcsight crmrs; 2 )  MTF’
horimu~tal/crosstrack  & vertical/dmvntrack rncasurcmcn~s  and 3) distortion (“pixc]-thc(a”) n~casurcmcnts. All of these
mcasurcmcnts arc strongly dcpcndcnt on accurate gimbal positioning & motion.

All camera testing is done using the uufiltercd  xenon light source and wilh unresolved pinhole targets. Since the focal pkme
is only par[ially  filled by the four line arrays, the gimbal n~LISI bc slcwcci to direct the pinho]c image onto a given dclector
pixc.1. At that point, the gimbal position cncodcrs  enable both cross-track & downtrack  pointing errors to bc read directly.

Camera  MTF  (in both crosstrack & downtrack directions) is measured by };ouric.r transforming the 128 point system l’S1;
resulting from scanning an unresolved spot across (or down) a given pixel. A typical systcm PSIJ and it’s lrcmrie.r transform
(l’J”l’) arc shown in the figure below:
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Showing nlcasurenmnt of camera M’1’l’

ll’ron)th  cMTJ;curvc,t hcM1’l~valucat  23.8 c/nm],thc .spatia lfrcqucnc ycrfintcrcst  iscxtractcd andcombincd  with the same
values talccn at othcrficld  positions &r wavc]cngths  toproclucc a plot such as that shown in tbcfigurcbc]ow.

camera Ml’I;
@~23.8  C/lnlll

-.. . I,egctlri.,-----
,’ ------ . ----- . .

,----  . . . . . . ------ ----- . . . . . -L ... 450 nm hand, x-track..-,.- -..2:.
----- .L.::_._.2 ~ -

~

.-<.

\

.: 5s0 nm band, x-track
“->- . . . . ..- . . . . . . . . . . . . . .. A.. --’---- 650  nn]  band, x-track

=-—..  .:
860 am band, x-track= .

= . . ~ 450nmband,d  o w n - t r a c k
550  nm band, down-track
650  nrn band, down-track

860 nm band, down-track

carncra pixel (field position)

Showing MISR camera M’IT vs. field position

“1’hcsc cxpcrimcntal results arc consistent with the spatial-frequency-wise product of component M“l’l;’s, namely, lens MT}’
n~casurcmcn[s  (clcscribcd above) with CCD M’I’1~ mcasurcmcnts.  I’hc Ia[tcr arc dcscfibcd in another paper frcm~ the.sc sarnc
IYocccclings  entitled “1.loyd’s mirror tncasurerncnts of MISR CCI)’S”, Hcrchhcrg,  et al.

A dc[ailccl clcscripticm of the carncra distortion measuring rncthodology  can bc found in a paper in these same prcrcccdings
cntitlccl “l)istcrrticm calibration of the MISR linear detector arrays”, Korccboff  ct al.

8. S~Jhlh!AR1’
‘1’hc  OCII has proven to bc an extremely cfficicnt apparatus for quantifying imaging pcrf’ormancc of tbc MISR Ienscs &
cameras over a large parametric space including space-cnviromncntal conditions.
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